Studies were carried out to compare the early morphologic changes in the cecal mucosa of mice either infected with Serpulina hyodysenteriae or exposed to the ␤-hemolysin of S. hyodysenteriae. Sixty-five 12-24-week-old C3H/HeOuJ mice were infected with S. hyodysenteriae by gastric intubation. Two mice were necropsied every hour for 30 hours following infection. S. hyodysenteriae was isolated from the cecal contents of each mouse at all time points. Macroscopic lesions were first apparent at 14 hours postinfection (PI), and light microscopic lesions were first apparent at 10 hours PI, earlier than has been previously reported. Ultrastructural changes, first evident at 6 hours PI, included disarray and loss of microvilli and terminal web, with dilatation of intercellular spaces. Luminal bacteria were translocated through epithelial cells to the lamina propria, where capillaries exhibited changes indicative of increased permeability. In another experiment, solutions containing between 2,500 and 25,000 hemolytic units of purified S. hyodysenteriae hemolysin were placed within the lumen of surgically closed murine ceca (n ϭ 10); ceca were collected for examination 3 hours following treatment. Ultrastructural changes consisted of loss of microvilli and terminal web and marked vacuolation and exfoliation of epithelial cells. Significant numbers of necrotic and apoptotic epithelial cells were present, and epithelial cells internalized moderate numbers of bacteria. The hemolysin of S. hyodysenteriae induces some of the same early ultrastructural changes in the cecal epithelium of mice as occur following infection with S. hyodysenteriae. Based on the observed bacterial translocation, luminal bacteria also appear to play a unique role in lesion development in this model.
Swine dysentery is a diarrheal disease of growing swine caused by the large spirochete Serpulina hyodysenteriae. Gross and microscopic lesions present in swine infected with this organism have been well characterized and consist of mucohemorrhagic and/or fibrinonecrotic typhlitis and colitis and necrosis of superficial epithelial cells. The pathophysiologic mechanism by which these lesions cause diarrhea with subsequent dehydration and death has been shown to be a colonic malabsorption syndrome due to a lack or loss of functional absorptive epithelial cells. 3, 38 Infection of mice with S. hyodysenteriae is the most frequently utilized and well-described small animal model of swine dysentery. 12, [14] [15] [16] 30, 32 Although lesions induced in mice by S. hyodysenteriae are less severe than those seen in swine, they are fundamentally the same and are characterized by superficial epithelial cell necrosis with lamina proprial cellular infiltration and edema. Previously reported electron microscopic stud- 1 Present address: Pathobiology Laboratory, National Veterinary Services Laboratory, PO Box 844, Ames, IA. ies in swine and mice have reiterated the known light microscopic findings. 2, 7, 17, 42, 43 Hemolysis is a well-known phenotypic phenomenon associated with the growth of S. hyodysenteriae on blood agar, and the ␤-hemolysin of that organism is assumed to have a role as a virulence factor in swine dysentery. 4, 24, 44 Most research involving the hemolysin of S. hyodysenteriae has centered on its interactions with and effects on erythrocytes. 13, 35, 36 However, if the hemolysin has a critical role in S. hyodysenteriae pathogenicity, it is probably via its interaction with host cells other than erythrocytes. Crude extracts of serpulinal hemolysin exhibit in vitro cytotoxicity to a number of primary and continuous cell lines. 19, 20 Given that S. hyodysenteriae is a mucosal pathogen, the presumption is that the initial interaction between toxin and host occurs at the epithelial surface. Because necrosis of superficial epithelial cells is the typifying lesion of swine dysentery, the hemolysin may cause that lesion and therefore may be critical in the pathogenesis of swine dysentery.
In previous studies, surgically created intestinal loops in germ-free pigs were filled with hemolysincontaining solutions and examined by scanning and transmission electron microscopy. 4, 24 Transmission electron microscopic examination demonstrated that crude hemolysin induced degeneration and necrosis of mature vacuolated enterocytes at villus tips in the ileum; villi were shortened as a result of myofibroblast contraction. 4 Scanning electron microscopic examination of treated colonic loops revealed rounding, individualization, and increased extrusion of mature surface epithelial cells within intercryptal areas, with cells detaching in groups. 4, 24 The relevance of these findings regarding villus damage in cases of swine dysentery is unclear because lesions resulting from infection with S. hyodysenteriae occur only in the large intestine. Furthermore, because coinfection with other bacteria is necessary for the expression of S. hyodysenteriaeinduced disease, the effect of the germ-free status of those experimental animals on the results obtained is unclear. 10, 16, 29 The ultrastructural changes that occur in the large intestine of conventional animals either infected with S. hyodysenteriae or exposed to the hemolysin of that organism should be examined. The objectives of the present studies were to 1) utilize a highly reproducible murine model to document the earliest morphologic changes that occur in the cecal mucosa of mice infected with S. hyodysenteriae and 2) compare the findings with those present in the cecal mucosa of mice exposed in vivo to purified ␤hemolysin of S. hyodysenteriae. Comparison of these findings will allow insights into the pathogenicity of S. hyodysenteriae, particularly in regards to the role of its ␤-hemolysin.
Materials and Methods

Mice
Twelve to 24-week-old male and female C3H/HeOuJ mice were used in this study. These animals were obtained from breeder colonies maintained by the Department of Laboratory Animal Resources, Iowa State University, and were cared for in accordance with the guidelines stipulated by the Animal Care and Use Committee of Iowa State University. Breeding colonies were established with mice originally procured from Jackson Laboratory (Bar Harbor, ME). Mice were negative for the presence of serum antibodies to Sendai virus, murine hepatitis virus, and Mycoplasma at routine screenings. To enhance susceptibility to lesion formation, treated mice were placed on Teklad Diet 85420 (Harlan Sprague-Dawley, Madison, WI), a nutritionally complete but defined diet, 72 hours prior to inoculation with S. hyodysenteriae or exposure to the ␤-hemolysin of S. hyodysenteriae and were maintained on that diet for the remainder of the experimental period. 31
Bacteria and infection procedure
Mice were infected with S. hyodysenteriae strain B204, serotype 2, which was grown as previously described at 37 C in trypticase soy broth (BBL Microbiology Systems, Cockeysville, MD) supplemented with 5% horse serum (HyClone Laboratories, Logan, UT), 0.5% yeast extract (BBL), 0.05% L-cysteine (Sigma Chemical Co., St. Louis, MO), and 1% VPI salt solutions. 30 Mice were given 1 ϫ 10 8 bacteria intragastrically in approximately 0.5 ml of culture broth. Food was withheld 6 hours prior to and 1 hour following infection.
Hemolysin preparation
␤-hemolysin of S. hyodysenteriae was prepared by a modification of a previously described procedure. 21 Three liters of S. hyodysenteriae culture, grown as described, were pelleted by centrifugation at 4 C. Bacteria were suspended in hemolysin extraction buffer at 5% of the original culture volume and held at 37 C for 30 minutes, with agitation sufficient to maintain suspension. Hemolysin extraction buffer is composed of phosphate-buffered saline (PBS: 136.9 mM NaCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 2.7 mM KCl, pH 7.2) supplemented with 0.05% RNA-core (Sigma), 1 mM glucose, and 1 mM MgSO 4 . Following incubation at 37 C, bacterial cells were pelleted by centrifugation, the supernatant was retained and held at 4 C, and the extraction procedure was repeated. Supernatants were pooled, vacuum filtered through a 0.22-m filter (Gelman Sciences, Ann Arbor, MI), and stored at Ϫ70 C until further purification. Crude hemolysin supernatants were reduced in volume and desalted by repeated concentration and reconstitution with chilled sterile purified water utilizing a forced-flow ultrafiltration device with a molecular mass cutoff of 3 kd (Filtron Technologies, Northborough, MA). This concentrated crude hemolysin was loaded onto preparative, nondenaturing polyacrylamide slab gels and electrophoresed. Hemolytic activity was localized within the gel by overlay on blood agar and electroeluted from polyacrylamide gel slices into Tris-glycine buffer (37.6 mM Tris, 50 mM HCl, pH 7.47). This purified hemolysin was then reduced in volume and desalted by ultrafiltration. The process was repeated so that hemolysin preparations were electrophoresed and electroeluted twice, with subsequent concentration. Determination of hemolytic activity in terms of hemolytic units (HU) was performed as previously described. 24 Between 2 ϫ 10 6 and 10 ϫ 10 6 bacterial equivalents are required to produce 1 HU. Purity of hemolysin-containing solutions was verified by nondenaturing and denaturing polyacrylamide gel electrophoresis followed by ammoniacal silver staining (Accurate Chemical and Scientific Corp., Westbury, NY). For other studies, purified hemolysin was subjected to N-terminal amino acid sequencing by the Edman reaction, and no contaminating proteins were present, also indicative of its degree of purification. This twice electrophoretically purified hemolysin was the preparation used in all of the present studies.
Surgery
Ten mice underwent surgical treatment to allow instillation of hemolysin-containing solutions within the cecum. An additional five control mice were similarly treated but were instilled with solutions that did not contain hemolysin. Following a 14-hour fast to allow cecal emptying, mice were anesthetized and maintained in a surgical plane of anesthesia with isoflurane (Pitmann-Moore, Washington Crossing, NJ). Following ventral paramedian skin and body wall incisions, the cecum was exteriorized. Ligatures were placed snugly around the distal ileum and proximal large intestine, thereby creating a closed cecal compartment. Hemolysin or control solutions (250 l) were injected into the cecal lumen such that the cecum was moderately distended. The surgical incision was closed, and the mice were allowed to recover for 3 hours. Humane considerations necessitated the utilization of a single end point for the study.
Experimental design
Sixty-five mice were infected with S. hyodysenteriae, strain B204. Two mice were necropsied every hour for 30 hours following infection. Uninfected mice, some of which were gavaged with sterile culture broth, were also necropsied periodically throughout the experimental period. Following gross observations, cecal contents were collected and used to inoculate blood agar plates supplemented with antibiotics selective for the growth of S. hyodysenteriae. 22 Plates were maintained anaerobically at 37 C for 24-48 hours and observed for the presence of bacterial colonies surrounded by ␤-hemolysis. 30 Selected colonies were examined by dark field microscopy to confirm the presence of large spirochetes. Following collection of cecal contents, cecal lumina were filled with glutaraldehyde at 4 C. Entire ligated ceca were then excised and immersed in fixative.
Mice treated with hemolysin were surgically prepared as described. Solutions containing 2,500, 5,000, 15,000 or 25,000 HU were injected into the cecal lumen. Control mice were exposed similarly to PBS, 1% RNA-core, 25,000 HU of heat-inactivated hemolysin, or distilled water. Treated mice were necropsied, and their tissues were fixed as described.
Electron microscopy
Mice infected with S. hyodysenteriae or exposed to its hemolysin were examined by electron microscopy. Two infected mice and five representative hemolysin-exposed mice were examined at selected time points postinfection (PI).
Tissues were fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, at 4 C for several days. Following several washes in cacodylate buffer, tissues were postfixed with 1% OsO 4 in 0.1 M sodium cacodylate buffer, pH 7.2, for 2 hours at room temperature. Following a distilled water wash and dehydration in a graded series of acetone, tissues were embedded in plastic (EMbed, Electron Microscopy Sciences, Ft. Washington, PA). Sections 1-2 m thick were prepared, stained with toluidine blue, and examined for selection of areas to be evaluated by electron microscopy. Ultrathin sections (80-90 nm) were stained with uranyl acetate and lead citrate and examined with a Hitachi H500 transmission electron microscope at 75 kV.
Results
Bacteriology
Large spirochetes consistent in appearance and growth characteristics with S. hyodysenteriae were recovered from all infected mice inoculated with that organism beginning 1 hour after inoculation and continuing throughout the experimental period. Spirochetes were not recovered from mice inoculated with growth medium only.
Mice infected with S. hyodysenteriae
All mice infected with S. hyodysenteriae consistently exhibited the pathologic changes. Although there was slight variation between the two mice examined at each time point, both mice were similarly affected at each of those time points.
Macroscopic and light microscopic observations. The earliest macroscopically apparent cecal changes began at 14 hours PI, became progressively more severe with time, and included diminution of total organ size and increased opacity of the cecal wall due to mural edema. Light microscopic changes, first apparent in mice infected with S. hyodysenteriae at 10 hours PI, included exfoliation of the superficial epithelial cells, dilatation of cecal glands, cellular expansion of the lamina propria, and submucosal edema.
Electron microscopic observations. Table 1 summarizes ultrastructural changes noted in these studies. The cecal mucosa of mice not infected with S. hyodysenteriae was characterized by tall columnar epithelial cells which contained a prominent microvillus border, glycocalyx, and terminal web (Fig. 1) . The nuclei were round to oval and positioned in the apical cytoplasm; mitochondria were clustered laterally and subjacent to the nucleus. Lateral cell borders were interdigitated and intercellular junctions were prominent. Some cells contained small autophagic vacuoles filled with variable amounts of laminated membranous material. The cecal lumen contained large numbers of bacteria. Most bacteria near the mucosal surface were of a single morphologic type; they were 0.3-0.5 m in diameter, contained numerous internal lipid bodies, and had helical ridges or flagella arising from the cell membrane (Fig. 2) . The lamina proprial space in normal mice was minimal and contained capillaries lined by flattened endothelial cells, processes of lamina proprial cells, and the basal aspects of surrounding epithelial cells. Basement membrane material was prominent and contained interposed processes of lamina proprial cells (Fig. 3) .
Ultrastructural changes present in the cecal epithelial cells of mice infected with S. hyodysenteriae were first apparent at 6 hours PI. There was a gradual progression of these changes into those that occurred at later time points. Luminal spirochetes were not present in high numbers, and when present most were located at some distance from the mucosal surface. There was disarray and decrease in number and length of microvilli, with decreased prominence of the terminal web ( Fig. 4) . Intercellular spaces were dilated and electron lucent. Many epithelial cells contained intracellular bacteria; some appeared to be within a membranebound vacuole and others did not (Fig. 5 ). Most of these intracellular bacteria were identical in appearance to those in the cecal lumen; however, some appeared to have axial filaments encased by a periprotoplasmic sheath, a feature unique to spirochetes. These organisms were presumed to be S. hyodysenter-iae. At 14 hours PI, epithelial cells exhibited complete loss of microvilli, loss of columnar morphology due to rounding or extension of lateral cytoplasmic processes, and the presence of intracellular lipid vacuoles (Fig. 6 ). By 18 hours PI, lamina propria cells were markedly enlarged and electron lucent and contained fragments of electron-dense material resembling bacteria. Endothelial cells in lamina propria capillaries also exhibited significant change at that time. Those changes consisted of increased cell volume, increased numbers of pinocytotic vesicles and vacuoles, and villous projections and surface undulations, which were particularly evident in the area of the marginal ridge (Fig. 7) . The basal lamina surrounding these affected capillaries was indistinct and discontinuous, and perivascular collagen fibers were separated by electronlucent space. At 24-30 hours PI, heterophils and macrophages were increased in number in the deep lamina propria, and they contained large numbers of bacteria within their cytoplasm (Fig. 8 ). These intracellular bacteria had the same morphologic features as those in the intestinal lumen and within epithelial cells at earlier time points ( Fig. 9 ). Also between 24 and 30 hours, there was necrosis of superficial epithelial cells, and spirochetes and other bacteria were present between detached epithelial cells and lamina propria elements. Fibrin thrombi were also demonstrated within submucosal capillaries at that time.
Mice exposed to the hemolysin of S. hyodysenteriae
Control animals in which ceca were exposed to S. hyodysenteriae cultures, PBS, RNA-core, or water did not exhibit significant changes detectable macroscopically or by light or electron microscopy. In addition, there were no macroscopic lesions in the ceca of mice exposed only to the hemolysin of S. hyodysenteriae. Mice in which ceca were instilled with 2,500 HU of hemolysin did not exhibit microscopic morphologic changes when compared with control mice. However, mice treated with the larger doses of hemolysin (5,000-25,000 HU) exhibited similar microscopic changes regardless of the dosage.
Light microscopic observations. In mice in which ceca were exposed to hemolysin, the significant light microscopic change present was pronounced vacuolation and exfoliation of superficial epithelial cells (Fig. 10) .
Electron microscopic observations. Affected epithelial cells contained multiple, sharply delimited cytoplasmic vacuoles (Fig. 11 ). These vacuoles ranged in size from approximately 0.1 to 5 m, occasionally displaced or compressed the nucleus, and were filled with various amounts of lamellar or amorphous membranous debris. Microvilli of these cells were irregular and decreased in number, and the terminal web was indistinct. Some affected cells remained attached to the mucosa, whereas other cells were partially or completely detached, either individually or in groups. These cells remained attached to each other via intact intercellular junctions, although lateral interdigitations were absent. Moderate numbers of bacteria were pres-ent within some affected cells, both within the described vacuoles and apparently free within the cytoplasm ( Fig. 12 ). Among the vacuolated and exfoliated cells, some were necrotic, with pronounced cytoplasmic electron lucency and loss of detail, mitochondrial swelling and loss, lipid body accumulation, and nuclear fragmentation (Fig. 13 ). Other cells exhibited changes consistent with apoptosis, characterized by crescentic clumps of electron-dense chromatin marginated subjacent to the nuclear envelope ( Fig. 14) . Typical of apoptotic cells, mitochondria in these cells were normal in appearance but often more densely clustered because of cell shrinkage.
Discussion
The morphologic changes present in mice either infected with S. hyodysenteriae or exposed to its ␤-hemolysin were similar, both qualitatively and quantitatively. Infection and hemolysin treatment both induced apparent membranous and cytoskeletal effects in epithelial cells, including early loss of microvilli and terminal web, loss of intercellular interdigitations, increased susceptibility to bacterial internalization, and cellular shape change, individualization, exfoliation, and necrosis. Only those mice infected with S. hyodysenteriae exhibited dilation of intercellular spaces, translocation of luminal bacteria into reactive phagocytic cells in the lamina propria, and reactive changes in lamina propria endothelial cells characteristic of increased endothelial cell permeability; 6 hemolysin-treated mice did not exhibit such changes. Similarly, only those mice treated with hemolysin exhibited apoptosis; mice infected with S. hyodysenteriae did not. A threshold effect rather than a dose-related effect seemed to be operative in regards to hemolysin-induced morphologic changes. Cecal instillation of Ͼ2,500 HU was required to induce these epithelial cell changes, but there were no apparent qualitative or quantitative differences in the ultrastructural changes present in mice treated with 5,000, 15,000, or 25,000 HU. These experiments also demonstrate that the typifying macroscopic, microscopic, and ultrastructural lesions that are present in mice infected with S. hyodysenteriae occur much more rapidly (14 hours, 10 hours, and 6 hours, respectively) than previously reported in this murine infection model.
Because spirochetes were not present in close association with the affected epithelial cells in mice infected with S. hyodysenteriae, a diffusable factor, such as the hemolysin, was probably responsible for induc-ing the described changes. This hypothesis is supported by the fact that treatment with the hemolysin alone elicited ultrastructural cellular changes, such as loss of microvilli and terminal web, disrupted intercellular adhesion, and cell shape change and exfoliation, similar to changes present in S. hyodysenteriae-infected mice. The results of scanning electron microscopic examination of the ultrastructural effect of the hemolysin on the large intestine of gnotobiotic pigs 24 were similar to those reported here, consisting of individualization and exfoliation of superficial colonic epithelial cells; however, apoptosis was not previously described. Another previous report 1 has also provided evidence of hemolysin-mediated intestinal epithelial cell membrane damage. In that study, an intestinal epithelial cell line (CaCo2) exposed to purified hemolysin of S. hyodysenteriae exhibited increased intracellular calcium and decreased transcellular resistance, both changes indicative of membrane perturbation.
The morphologic properties of the luminal and intra- Fig. 11 . Electron micrograph. Cecum; C3H/HeOuJ mouse exposed to 25,000 HU of the ␤-hemolysin of S. hyodysenteriae. Note loss of microvilli and intracytoplasmic vacuoles of various sizes within attached cells. Partially detached cells remain attached to adjacent cells via intact intercellular junctions. Uranyl acetate and lead citrate. Bar ϭ 2.5 m. cellular bacteria present in these mice are similar to those of bacteria isolated from normal murine cecum and colon. 23, 37 These organisms are morphologically similar to Flexispira rappini or may belong to the genus Helicobacter. Bacteriologic and polymerase chain reaction data have confirmed the presence of Helicobacter spp. in the cecal microflora of mice from the same colony of mice used for these studies (J. Fox, personal communication). Gram-negative anaerobic bacterial rods must be present in the large intestine of experimental swine and mice for those animals to acquire typical lesions after infection with S. hyodysenteriae. 5, 9, 10, 16, [23] [24] [25] [26] [27] 29, 45 The mechanism by which these secondary bacteria act in concert with S. hyodysenteriae to cause large intestinal disease is not precisely known, but the findings of the present experiments indicate that these bacteria may opportunistically invade tissues exposed to S. hyodysenteriae or its ␤-hemolysin, thereby possibly prolonging or exacerbating pathologic changes. A prolonged study of hemolysin-treated animals would have allowed assessment of bacterial translocation in those animals; however, humane considerations precluded that possibility.
Calculation of bacterial equivalents indicate that between 1 ϫ 10 10 and 5 ϫ 10 10 spirochetes were required to produce the minimum number of HU sufficient to produce the described lesions in hemolysin-treated mice. This calculation probably overestimates the actual number of spirochetes necessary to produce this quantity of hemolysin because of significant losses of hemolysin during repeated isolation steps. Levels of hemolysin production by S. hyodysenteriae in vivo are not known and could potentially exceed in vitro levels, Fig. 13 . Electron micrograph. Cecum; C3H/HeOuJ mouse exposed to 25,000 HU of the ␤-hemolysin of S. hyodysenteriae. Several superficial epithelial cells are exfoliated. Some necrotic cells exhibit cytoplasmic electron lucency and nuclear fragmentation (arrow). Other cells have relatively intact organelles but are highly vacuolated and exhibit loss of microvilli. Note the vacuolated cell with peripheralized crescentic chromatin (arrowhead). Uranyl acetate and lead citrate. Bar ϭ 2 m. thereby reducing the numbers of organisms required for lesion development. A minimum of 1 ϫ 10 6 bacteria/g tissue are required for lesions to develop in mice infected with S. hyodysenteriae (personal observation).
Other potential virulence attributes of S. hyodysenteriae are its lipopolysaccharide-like moiety, a bacteriophage, mucin chemotaxis and motility, and an NADH-oxidase. 8, 11, 18, 28, 29, 33, 34, [39] [40] [41] None of these potential virulence attributes is likely to directly cause the lesions demonstrated in the present studies. In addition, three genes from S. hyodysenteriae, tlyA, tlyB, and tlyC, have been identified, cloned, and sequenced. 44 Because of their ability to transform nonhemolytic host Escherichia coli strains to a hemolytic phenotype, these genes have been referred to as hemolysin genes. However, the protein translation products of these genes do not appear to have any features in common with the hemolytic principal described and investigated in this and other reports. Genes tlyA, tlyB, and tlyC encode for proteins that have predicted mo-lecular masses of approximately 27, 93, and 31 kd, respectively. The tlyB gene has apparent nucleotide sequence homology with genes for Clp proteins, which are intracellular proteolysis regulators, but tlyA and tlyC do not have sequence homology with any other known protein-coding genes. 44 Preliminary work (manuscript in preparation) indicates that the native hemolysin of S. hyodysenteriae is Ͻ10 kd and has nucleotide and amino acid sequence homology to acyl carrier proteins. Thus, there are marked differences between the tly genes and that of native hemolysin.
The ␤-hemolysin of S. hyodysenteriae causes some of the same early ultrastructural changes in the cecal mucosa of mice as are present in mice infected with the organism itself. Ultrastructural changes caused by both of those treatments include loss of microvilli and terminal web, bacterial internalization, and cellular individualization and exfoliation. Necrosis of epithelial cells was seen in both treatments, and there was marked vacuolation and apoptosis of hemolysin-treated cells. In mice infected with S. hyodysenteriae, trans- location of luminal bacteria to perivascular cells in the lamina propria was pronounced and was associated with increased permeability of lamina propria capillaries. These findings indicate that the ␤-hemolysin of S. hyodysenteriae may act as a virulence factor through its effects on superficial colonic epithelial cells. This model also provides a unique example of a role for normal cecal bacteria in induction of acute inflammation of the bowel.
